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Abstract 
 
 
The main aim of this thesis was to interpret the natural anisotropy of a soil using 
new experimental transducers called bender and extender elements in a Triaxial Cell 
Apparatus. Firstly a specimen had to be prepared with a desired relative density using a 
technique called Pluviation. Secondly a tricky procedure had to be overtaken in order to 
install and protrude the transducers in the sample properly. The third step was to set up 
the Triaxial Cell Apparatus and apply an isotropic pressure to the soil sample. That 
done, a good interpretation of the signal waves passing through the sample in either 
vertical or horizontal directions had to be well understood. The final step is to apply 
some wave formulae in order to asses some results.  
 
 All the data obtained was then compared with recent research done by Dr Tarek 
Sadek (Bristol, 2007) as a PhD student at the University of Bristol. The degree of 
anisotropy, the elastic shear and constrained modulus in the field of very small strains 
were the data studied and compared in detail. 
 
One of the most important difficulties encountered was to set up properly the 
whole device bearing in mind that for the horizontal transducers there was no space 
already done so a new development needed to be invented. Some big troubles were 
created but thanks to some advice from my supervisors and from the technician they 
were overtaken. 
 
Another issue found was how to interpret wave output data because first of all 
its signal some times was particularly not clear and secondly because there was not an 
objective method to assess it without doubt. Therefore, some wave theory has been 
explained by the author as well as some improvements to try to achieve the best 
interpretation with the minimum subjectivity.  
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List of symbols and abbreviations: 
 
B/E   : Bender/Extender 
CCA   : Cubical Cell Apparatus 
CH   : Cross-Hole 
D50   : Mean grain size 
D.I.
   
: Deposition intensity 
D.H.   : Down-Hole 
Dr   : Relative Density 
d   : Travel distance of a body wave 
E                : Young’s Modulus 
e   : Void ratio  
emax emin         : Maximum and minimum void ratio 
f                         : Frequency of input signal in the time domain 
F(e)                    : Void ratio function 
G  Ghv  Ghh        : Shear modulus / Shear modulus in the vertical / horizontal plane 
Go   : Maximum Stiffness 
Ghh/Ghv  : Anisotropy Stiffness ratio 
HS   : Hostun sand 
H   : Height of fall in the Pluviation Apparatus 
M Mh Mv  : Constrained modulus / horizontal / vertical constrained modulus 
n    : Empirical determined constant 
N   : Opening nozzle 
OCR   : Over Consolidation Ratio 
Pa   : Atmospheric pressure 
Pv / Phh / Phv  : Constrained wave propagating vertically/ horizontally 
propagation with horizontal polarization / horizontally 
propagation with vertical polarization 
p’ : effective stress 
Rd : Number of wave cycles measured between the transmitter and 
the receiver 
S   : sieves’ size 
SASW   : Spectral analysis of surface waves 
SCPT   : Seismic cone penetration 
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Sv / Shh / Shv : Shear wave propagating vertically / horizontally propagation with 
horizontal polarization / horizontally propagation with vertical 
polarization 
t   : time 
TTA   : True Triaxial Apparatus 
U   : Uniformity coefficient 
Vs / Vp  : Shear and constrained velocities 
Vt   : Total volume 
Ws   : Weight of the sand 
τ   : Shear stress 
γ   : Shear strain 
λ   : wave length  
ρ   : density of the soil 
υ   : Poisson’s ratio 
σ   : Principal stress 
Γ    : Function explaining the behaviour of P-waves and S-waves. 
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1. Introduction: 
 
To understand the behaviour of any natural soil found in the world it is 
necessary to obtain several values by means of different procedures. These ones can be 
achieved either in situ or in specific soil laboratories. Geophysics has been always a key 
method to determine the interesting soil modulus of any ground. Thus, knowing these 
parameters, it is possible to interpret how a specific soil will behave for example once it 
is loaded, once there is an earthquake, there is an excavation or blasting is carried out, 
there is flood or drought and a further long etcetera. 
 
            The aim of this research is to determine in the laboratory the shear modulus G 
and constrained modulus M for a particular sand using Bender/Extender transducers in 
a Triaxial Cell, and then to compare the data with recent research by Dr Tarek Sadek at 
the University of Bristol (Sadek 2006), work done using the same sand but with the 
Cubical Cell apparatus and the True Triaxial apparatus. Values for shear and 
constrained modulus have been obtained under various stress paths while changing the 
confining stress in the Triaxial Test. 
 
The sand used in this work is Hostun sand from France and either its brilliant 
properties and its easy research-interpretation has made it very useful and desirable to 
study and due to that it has been one of the soils most treated by researchers all over the 
world.  
 
Some background information on soil stiffness tested in this research and in 
general of any ground studied with the same procedure is going to be given with 
particular emphasis on shear modulus Go at very small strains. The shear modulus G is 
a measure of the stiffness of the soil. 
 
If a shear stress  ד is applied to a sample of a soil it will produce a shear strain γ such 
that: 
 
 ד = G * γ       (1) 
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Traditionally in the soil mechanics discipline there have been several over-
simplifications applied when characterising the relation of shear stress against shear 
modulus in soils. Firstly the theory of elasticity was applied in which soil had a linear 
strain-stress relationship, and was assumed to be homogeneous, elastic and isotropic 
and therefore, every modulus assessed (G, M, E, υ), remained as constant. Later, new 
developed elasto-plastic models showed that any ground at the beginning of being 
stressed behaved elastically and therefore deformations were recoverable until the point 
where the ground started behaving plastically and thus any strain done would not totally 
be regained. This behaviour is similar to that of ductile metals such as copper. 
 
It is now understood that any soil behaves in a manner rather more complex 
than either of these models, and many constitutive models as well as empirical 
formulae have been developed to attempt to describe their behaviour. This research has 
focussed on measuring the foully elastic parameters of the soil, applicable at very small 
strains. In the experimental work samples of the sand were prepared with a Pluviator 
device in order to get a specific relative density. They were transferred to a Triaxial test 
and Bender/Extender transducers were mounted on the specimen. Data were obtained 
using a function generation and an oscilloscope, and were calculated by means of 
physics waves formulae both constrained and shear modulus. Many practical 
difficulties were overcome and these are described in this thesis. 
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2. Background: 
 
2.a.) Measurement of soil stiffness 
 
Geotechnical engineering, like any other scientific discipline, is a dynamic 
subject and it is continually providing new theories and understanding through research 
and discovering new applications and developments. All material parameters are related 
to mathematical expressions hence it is necessary to take in account the basic stress-
strain-time models for soils with the equation e=F(σ’,t) considering changes of 
effective stress and changes of time give rise to changes of strain and so that all ground 
movements, loadings and times are related to some initial state. 
 
The assumption that the stress-strain behaviour of soil is approximately linear 
for states inside the state boundary surface was fundamental to almost all geotechnical 
engineering practise until more than fifteen years ago but since then, it is now known 
that soil stress-strain behaviour is highly non linear under almost all circumstances.  
The following graph shows the relationship between shear stress and shear strain in 
three different behaviours. 
 
 
Fig.1. Material behaviours under different states of stress-strain 
 
Figure 2 shows an idealisation of soil stiffness over the whole range of loading from 
very small to large strains. 
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Fig.2. Relationship between stiffness and strain. 
 
So, from that graph above three states can be distinguished: 
 
• Very small strains: these correspond to the range of strain generally less than 
0.001% where G0 is very nearly constant with the strain and it can be seen that 
has its maximum value. 
• Small strains: these correspond to the range of strain from 0.001% to 1% where 
the stress-strain curve is highly non-linear and G’ depends on strain. 
• Large strains: these correspond to strains generally larger than 1% where the 
soil is approaching failure and the shear stiffness becomes small.  
 
The shear strain modulus at very strains smalls has been denoted as Gmax 
(Tatsuoka et al, 1993) or Ge (Robertson et al. 1995) for elastic shear modulus or G0 
(Houlsby and Wroth, 1991) for shear modulus at zero strain, as whether or not the soil 
is truly elastic in this region has yet to be proved, and as the shear modulus would seem 
to be at this maximum for shear strains slightly greater than zero, this thesis will use 
Gmax. 
 
Knowledge of the stiffness of soils at small and very small strains is becoming 
increasingly important for practising engineers. As non-linear constitutive modelling is 
starting to be used more both in research and in the design office, the maximum shear 
   G 
   G0 
   Є 
  ln Є 
     very small 
   small    large 
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modulus has become important as one of the governing parameters in many models 
(Simpson et al, 1979, Jardine et al, 1986, Burghignoli et al, 1991). These analyses can 
be useful for estimates of deformation from static loading, changes in depth of water 
table as a response to infiltration, and the shape of the settlement depression created by 
underground excavation (tunnels, flexible wall-tied excavation). Back analyses of 
various engineering projects have showed that strains induced by static loading are 
often in the very small to small strain region (Burland, 1989). 
 
There are several ways to obtain the shear modulus either in the field or in 
laboratories. It is logical to think that the field techniques should be the best techniques 
to obtain the most accurate data from the soil. Its main advantage is that there is no 
need to take away a soil sample, therefore, no damage in the ground is created even 
though it is worth to know that some of these techniques once being applied, can truly 
damage the site. 
 
 On the other hand, all these field methods have their own associated errors and 
uncertainties and most of them are quite expensive. As said before, laboratory methods 
are increasingly being used due to their reliability and the precision of the information 
given. Results from these tests, bearing in mind their dependence on the boundary 
restrains of the apparatus, should be useful for numerical analysis of the soil; however, 
they are not necessarily related to the shear modulus of the undisturbed soil in situ. 
 
Both static and dynamic methods can be used in the laboratory; the first ones 
rely on the measurement of the strain and stress in a sample and the latter ones include 
the resonant column method, in which a hollow cylinder of soil is vibrated in torsional 
shear at high frequency (Porovic, 1995) and bender elements. 
 
This last method has been used in this research; it is a laboratory technique that 
uses piezoelectric ceramic plates known as bender elements which are used to generate 
as well as receive shear waves through the soil samples. The assumption of elasticity 
relates the shear modulus directly to the shear wave velocity. One of the most important 
advantages of using bender elements is that they can be used and placed easily in 
several current devices and mounted in various orientations. 
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It is generally recognised that the small strain or elastic shear modulus of clean 
sands is primarily a function of the effective confining stresses and void ratio. The most 
recent expression given by Hardin and Blanford (1989) takes the form  
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where Gijmax is the elastic strain modulus in the ij plane; OCR overconsolidation ratio; k 
is a constant which depends on the elasticity index; F(e) is a function of void ratio 
found F(e) = (0.3+0.7)*e2; S is a dimensionless elastic stiffness coefficient for the ij-
plane; Pa is the atmospheric pressure and n is an empirical determined constant. 
 
Assuming an elastic behaviour in the field at very small strains the theory of 
elasticity may be used to model shear waves and the following formula enables the 
assessment of shear modulus from the density of the soil and its shear wave velocity: 
 
G = ρ * Vs2    (3) 
 
In the recent past it was discovered that similar transducers (Lings and 
Greening, 2001) could be used to send and receive compressive waves. The main 
difference from bender transducers is that the new transducers extend or compress 
every time that a voltage is applied instead of bending as its predecessor; due to that 
they were called extenders elements. 
The extenders elements enable the constrained modulus M almost exactly the 
same way as the bender transducers but this time using the compression velocity to be 
determined in the following equation: 
 
M = ρ * Vp2        (4) 
 
In situ methods to determine shear/constrained modulus are generally described 
as a part of geophysical surveying (Griffiths and King, 1981), they all have the 
principle of sending waves through the ground and recording them in different points, 
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and the wave distortion and speed are interpreted to give information about the soil 
from which they pass. There are many methods available to create artificial waves like 
the Cross-Hole (CH) and Down-Hole (DH) methods, the seismic cone penetration test 
(SCPT), the spectral analysis of surface waves (SASW) and the air gun in marina 
exploration. None of them are going to be explained in this thesis. 
 
 
2.b.) Review of previous work on dynamic stiffness of soils including key references: 
 
It has been more than a quarter of a century since dynamic measurements of 
soils stiffness started being performed. Belloti R., Jamiolkowski M., Lo Presti D.C.F 
and O’neill studied the anisotropy of small strain stiffness in Ticino sand ending up 
with the conclusion that the measurement of seismic body wave velocities through the 
isotropically consolidated specimens allowed quantification of the effect of the inherent 
structural anisotropy on the small strain deformation moduli. This kind of anisotropy 
was responsible for the fact that the stiffness in the horizontal plane was 20-30% higher 
than those in the vertical one. 
Jovicic and Coop (1997) tested three sands with very different mineralogies and 
geological origins, and concluded that truly overconsolidated sands and those which 
have only undergone first loading have significantly different stiffnesses, so that the 
geological history of the soil deposition and its subsequent loading history would have 
an influence on its stiffness.  
 
 
2.c.) Review of previous Bristol work: 
 
This thesis describes dynamic testing of cylindrical specimens of Hostun sand in 
a triaxial apparatus using bender/extender elements. Tests have been carried out in 
vertical and horizontal directions to explore the initial anisotropy of the sand and the 
specimens have been carefully prepared by pluviation. The research involved learning 
how to set up the apparatus and perform and interpret the tests. The obtained data have 
been compared with existing results achieved recently with the Cubical Cell Apparatus 
by Dr. Tarek Sadek (2006) and the results have been discussed critically. 
 
                                                                                                                   
 
 - 14 - 
 In Dr Sadek’s research of Hostun sand he assessed the G and M modulus of 
Hostun sand by means of piezoelectric transducers housed in a device known as the 
Cubical Cell Apparatus with flexible boundaries. The original Cubical Cell device was 
described by Ko & Scott (1967), they emphasised that such testing equipment is 
capable of measuring the true deformational behaviour of soils. Dr Marcos Arroyo 
worked as a PhD student ending up with a thesis called “Pulse tests on soil samples” on 
2001. 
Other two students, Alice Moncaster (1997) and Anna Viñas (1999) worked on 
the dynamic stiffness of soil in the Triaxial apparatus as here but both used Leighton 
sand-a different sort of soil. 
 
 Soil elements in the ground or around any geotechnical structure are subjected 
to six independent variables. Laboratory devices struggle to match the conditions as 
found in the field. The true triaxial apparatus provides the possibility of controlling the 
three principal stresses or strains without allowing rotation of the direction of principal 
axes. It can be classified as the True Triaxial rigid boundary, the flexible boundary and 
a mixed boundary type. On the other hand the conventional Triaxial Apparatus allows 
control of the principal stresses but two of them are always equal (Axisymmetrical 
loading).  
 
 
Fig.3. Representation of the natural stresses found in the ground. 
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2.d.) Outline of research objectives: 
 
This second chapter contains a brief summary of the initial knowledge about 
soil stresses and strains. Some background studies of stiffness of various sand 
specimens have been described; previous researches done by alumni at the University 
of Bristol have been referred to. 
  
Chapter 3 describes the testing material with its physical origin and its main properties. 
 
Chapter 4 gives an exhaustive explanation about the sample procedure; some 
introductory bibliography about the devices used in this work is presented as well as the 
way they work and a total procedure about setting them up properly. 
 
Chapter 5 includes the data obtained in this research as well as a comparison with that 
from Dr. Tarek Sadek’s research. 
 
Chapter 6 gives some discussion of the data achieved. 
 
Chapter 7 summarises the final conclusions and some recommendations for further 
work are given. 
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3. Material tested: 
 
3.a) Origin 
 
The origin of Hostun sand (HS) is a place called Hostun located in the area of 
Drôme in the south-east of France. It has a colour that ranges between grey-white and 
rosy-beige, while its chemical components consist of high siliceous amount (SiO2 > 
98%). The grain shape varies from angular to sub-angular (Pic.1) 
 
 
Pic.1: General view of Hostun sand. 
 
3.b.) Physical properties: 
 
A particle size distribution analysis was carried out for H.S., as well as a graph 
showing the particle size distribution. The main grain size “D50” was found to be 
0.34mm, while the uniformity coefficient “U” was 1.5. 
 
 
 
Researcher 
D50 
mm 
 
U 
 
e min
 
 
e max 
ρs 
 
g/cm3 
ρdmin 
 
g/cm3 
ρdmax 
 
g/cm3 
Alvarado 
(2000) 
0.35 1.57 0.656 1.00 2.65 1.325 1.600 
Fargeix (1986) --- --- 0.648 1.041 2.65 1.298 1.608 
Colliat (1986) --- --- 0.624 0.961 2.65 1.351 1.632 
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Table 1. Main characteristics of Hostun sand. 
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Fig.4. Grain size distribution for the Hostun sand. 
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4. Experimental setup:  
 
In order to carry out a good sample preparation technique, basic and important 
advices have to be followed as Garner and Dietz (1995) said, so it must: 
  
• provide a sample with a uniform and known density, 
• provide a reproducible sample,  
• be non-time consuming, 
• not be prone of human error. 
  
The devices used in this Thesis included the Triaxial Test apparatus which main 
goal is to hold the sand sample applying a desired pressure and therefore to know its 
behaviour against different stress situations. The second apparatus performed was the 
Pluviation, a simple and easy technique but that demanded a very successful procedure 
though in order to achieve a specific relative density. 
Next achievement was to house the Bender/Extender (B/E) transducers in the 
specimen taking in account to not damage them while setting up because its buy and 
manufacture is not cheap and simple. Last thing to bear in mind was the data 
interpretation on the oscilloscope once the input wave was specifically chosen and thus 
its output signal obtained. 
 
4.1. Pluviation 
 
There is many ways to reach a specific density for a soil once you have removed 
it from its in situ conditions. These include pouring the sand into a mould, spraying the 
sand into a mould from a rotating centre, freezing the ground and cutting out an 
“undisturbed” sample, using air pressure to spread the sand in several layers, vibration 
and tamping of samples to compact them, and raining the sand through air or water. 
The last method is the one used for this thesis and it is called Pluviation. 
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4.1.1 Bibliography of pluviation 
 
The word pluviation comes from the Latin word “pluvia” that means rain and 
describes exactly the way this machine works because it consists in raining the sand 
through air into a mould. The key point of the pluviation process is the possibility of 
achieving uniform and homogeneous specimens with targeted densities and without 
grain crushing. In fact, the determination of the maximum density obtained by 
pluviation has been recommended by Lo Presti et al. (1992) as a superior approach to 
either the ASTM or the British Standard vibratory methods due to its reduce 
segregation of particle size and better repeatability of density measurement. 
 
The Pluviation method consists on a sand spreader developed by Miura & Toki 
(1982) to pluviate granular soils.  
 
Parts of the sand spreader (Pic.4.): 
 
• A hopper used to store the sand with interchangeable nozzles at the end. 
• An opening system that allows the sand to exit from the funnel from gravity. 
• A nozzle with a diameter ranging from 5 mm to 70 mm inserted inside the 
opening system that controls the sand flow. 
• Six diffusers (sieves or meshes rotated 45º with respect to one other). 
 
As told before, the Pluviation method offers several advantages compared to 
that of the ASTM method and these are: 
 
1. Higher dry density 
2. No particle crushing 
3. Less effect of segregation 
4. Better repeatability 
 
In addition, this procedure can be performed with greater facility in less time 
and another good point is that this method can provide the uniform and reproducible 
specimens irrespective of the tester. 
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Other methods are currently available for the determination of the maximum dry 
density of granular materials like, Vibration, Tamping but they are not going to be 
treated in a further explanation along this thesis. 
 
There are stationary and travelling pluviators and a brief discussion follows in 
order to both be compared.  
 
Stationary pluviators generally use one or more sieves to spread the sand flow 
exiting from the hopper through one or more holes over the desired area. On the other 
hand, travelling pluviators do not need a sieve because in this case it is possible to 
move a nozzle over the area of interest. A rigid tube connected to the soil hopper by 
means of a flexible extension is moved back and forth over the area of interest 
following a specific path while the height of drop is held constantly. These last ones are 
preferable to stationary pluviators, especially in case of well-graded cohesionless soils 
because they provide more uniform specimens. 
 
Main drawnbacks of these two kinds of techniques: 
 
Stationary pluviators: 
• Cause grain segregation in the horizontal plane 
• The obtained relative density depends on the deposition intensity D.I.  (D.I.= 
number of grains falling per unit of area and per unit of time) 
• The interruption of the grain deposition to place instrumentation in the specimen 
may be difficult in the case of larger specimens 
 
Travelling pluviators: 
• It is not possible to achieve relative densities larger than 70 to 90% without 
meshes 
• The specimen is layered 
• Significant specimen non-uniformity may be observed at the boundary between 
the chamber wall and the soil 
• The surface of the specimen was inclined as a consequence of the accumulation 
of soil particles close to the boundaries of the chamber 
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4.1.2. Sample procedure: 
 
Studies on the mechanical properties of cohesionless soils have shown that both 
static and dynamic strength-deformation characteristics at given densities are 
profoundly affected by the manner in which the soils are deposited and by the stress or 
strain histories previously undergone. 
 
There are some facts that indicate that the static and cyclic mechanical 
properties of sands are controlled not necessary only by density but also by fabric of 
sand. Consequently it is desired to establish a standard method of sand sample 
preparation in which homogeneous specimens can be easily formed by a simple 
procedure in order to obtain reliable results from minimal number of test. 
 
In this thesis, the static pluviator was the device used to achieve a specific 
relative density. An aluminium split mould cylinder was made with 70mm of height 
and 70mm of diameter. 
 
 
Pic.2. General views of the split mould in which the sand was poured. 
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A concrete relative density had to be achieved in order to be compared with the 
research did by Dr Tarek Sadek so a sample procedure was carried out before starting 
with the real specimen and be confident in achieving the same results was the main 
target in this case.  
Bearing in mind how many variables has got the Pluviator device, it is important to find 
out how can they interact with each other varying one from the other and then running 
several tests to know its behaviour.  
 
 
Pic.3. Split mould housed on the basis of the Triaxial Apparatus. 
 
 
Using different size containers to be filled by the sand, changing the height of 
drop (it is understood as the vertical length from the end part of the last sieve to the top 
of the split mould), choosing how many sieves and the dimensions of them and lastly 
the diameter of the opening nozzle concluded in a discussion of the main parameters 
affecting the pluviation results as follows: 
 
 
4.1.3. Effects of the pluviator’s parameters in data 
 
Height of drop H: 
 
It is logical to think that from the higher the sand falls, the speeder velocity the 
sand reaches due to the gravitational acceleration and therefore the denser the sand 
sample will be. Muira and Toki, 1982; Lo Presti et al, 1992 got to the conclusion that 
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the density of the sample created is dependent of the kinetic energy of the particles on 
contact with the sample. 
 
Once a height of fall is fixed on the pluviator it is observed that as long as the 
mould is filled the velocity will decrease as well as the density, thus, the bottom of the 
sample will be denser than the particles on the top. However, due to the viscosity of the 
medium through which the particles are falling, at a certain drop of height the particles 
will reach its terminal velocity and beyond this point the velocity will remain constant. 
Therefore to create a uniformly dense sample, the distance between the pluviator and 
the top of the mould has to be greater than that required to obtain the terminal velocity.  
 
 
Opening nozzle N: 
 
As shown afterwards in some graphs, the nozzle diameter has a very important 
role in the final result. Initially a small diameter nozzle was selected to carry out the 
test, three heights of fall: 569mm, a 289mm and finally 119mm (see Fig.4) and thus, 
different relative densities were obtained. Then several tests were repeated varying the 
nozzle size and they all led to the conclusion that by increasing the nozzle aperture 
from 4mm to 16mm the relative density could be varied from 87% to 72%. 
 
These results confirmed the findings obtained by Miura & Toki (1982), Vaid & 
Neguessey (1988), Cresswell et al. (1999) and Dietz (2000). At low flow rates the sand 
particles reach a steady state while coming to rest, from which the compaction effort is 
fully implemented and hence dense specimens will be obtained. Changing the opening 
to a greater diameter size it is seen that the discharge increase allowing sand particles 
disturbance therefore the looser the samples are. 
It is worth mentioning that the first experiments were tests with a normal container 
whereas the definitive ones were carried out with a rubber membrane in the inner part 
of the split mould so it is believed that because of that looser samples were achieved 
within the membrane due to possible frictional side resistance. Actually some studies in 
this field have been performed concluding that this effect is almost negligible.  
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Number and dimensions of the sieves S: 
 
It is understood that once the sand exits from the opening nozzle the proper 
discharge begins as the sand falls down towards the mould. Then, the sand falls through 
several sieves oriented at 45º to each other in order to spread the sand in a 
homogeneous way avoiding a direct sand discharge. Therefore the more sieves that are 
applied the more spread out will the sand be. This observation highlights the impact of 
the sieve layers in guaranteeing a uniform deposition of sand. When using a low 
number of sieves or large mesh size then the pluviation technique resembles the 
pouring method, in which a cone of particles is formed (sand pile) and localized 
shearing on the side of the cone takes place followed by the adjustment of grain 
positions (see Cresswell et al. 1999). This mechanism could be a plausible explanation 
for the reduction of density and the loss of uniformity in the sample found when the 
number of sieves is reduced or the mesh size is increased.  
 
 
4.1.4. Device’s performance 
 
-The main variable affecting the relative density was found to be the diameter of the 
nozzle, with the height of fall being less important the number and the dimensions of 
the sieves and the container. 
-The higher the height of fall the denser the sample (with the same container mould). 
Influence of height of fall and the dimensions of the 
mould
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Graph.1. Behaviour of the height of fall and the mould’s size on the Dr. 
                                                                                                                   
 
 - 25 - 
 
 
There is a noticeable trend on the behaviour of the Dr in changing the height of 
fall and the size of the nozzles that is summarized on the following graphs: 
Size container 9,2cm diameter
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Graph.2. The smaller diameter nozzle and the smaller nozzle sizes the greatest Dr. 
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Graph.3. The higher height of fall and the smaller nozzle sizes the greatest Dr. 
 
 
In order to achieve an averaged 65% relative density with the Pluviation 
technique, the following parameters were chosen: 
1. A 2,5cm diameter nozzle was chosen to exit the flow sand 
2. Six sieves of 3,35mm aperture rotated 45º with respect to one other 
3. A 17cm of height of fall, enough to overtake  the terminal velocity 
4. A split aluminium cylinder with 70x70mm dimensions 
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Setting up the split mould: 
 
Firstly a filter paper was stuck onto the inside of the mould to let the vacuum 
spread properly and to not cushion the rubber membrane that will hold the sand once 
the pluviation test is being run. Next, a thin porous stone with a slot in the middle for 
the bender/extender transducers was placed on the base of the Triaxial Apparatus. After 
this the membrane was stretched over the mould and vacuum applied. It was important 
to avoid wrinkles because the membrane had to be perfectly firm. Thus the sand will 
occupy the whole volume of the mould and then the density could be assessed without 
any mistake. However, as said before, some frictional would occur at the contact 
between the sand particles and the rubber membrane; which probably affected the 
density achieved.   
 
 
Pic.4. Vision of the inner part of the form with the rubber membrane, the porous stone and one 
bender transducer, (Note the tiny slots cut in the membrane for the horizontal B/E transducers 
to be inserted). 
 
 
It was essential that the procedure for preparing samples was repeatable so that 
a specific value for the relative density would be achieved every time.  Thus, the 
alignment between funnel, sieves and mould was carefully controlled since otherwise 
the sand would not spread properly inside the sample. Another thing to bear in mind 
was that the hopper was filled with roughly the same amount of sand for every test 
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carried out, so that thus it was guaranteed that the mould would always be filled to the 
top with sand.  
 
 
Pic.5. General view of the Pluviator Apparatus with the final chosen parameters 
 
 
The pluviation procedure was very easy to perform; the hardest part was to 
know how to obtain the same results time after time showing then that the chosen 
parameters were correct. First the nozzle was positioned in the base of the funnel, the 
sieves were positioned carefully and the mould was placed beneath them bearing in 
mind the height of fall chosen.  
 
Once the frame and the rest of the devices were perfectly aligned, a metal plate 
was placed at the bottom of the funnel to retrain the sand. At this point the funnel was 
filled with sand, and with the vacuum switched on in order to stick the rubber 
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membrane against the inner wall of the split mould, the metal plate was removed and 
the sand would begin to spread over the six sieves in a homogeneous way. 
 
The next step remove excess sand from the top of the aluminium mould. There 
were many different ways to do this, in fact, it has been a matter of discussion from 
different researchers. Finally, in this case, it was decided to use a ruler taking care not 
to push down the sand in order not to change the obtained desired density. 
 
 
Pic.6. Aspect of the mould and basis just after pluviation. 
 
 
4.1.5. Calculation of Relative density 
 
To determine the density of the sample the mass of sand in the mould was found 
by weighting the mould and triaxial base empty and full. To calculate the relative 
density (Dr), some formulae need to be applied: 
 
  
1
Ws
sVt
e −
∗
=
γ
    (5)             100
minmax
max
∗
−
−
=
ee
eeDr
    (6) 
Where Vt is the volume of the mould, γ s was found to be 2.65 Kg/cm3, Ws the weight 
of the soil sample while emax and emin was found to be 1 and 0.656 respectively. 
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4.1.6. Limitations of Pluviation: 
 
There are some limitations on uniformity of the pluviated sand. If a sand has a 
wide range of particle sizes, horizontal and vertical segregation becomes apparent. The 
conclusion is that for well-graded sands, and sands that include a high percentage of 
fines, a uniform sample will not be produced. But it does not affect this research due to 
the uniformity of the sands used. 
 
 
4.2. Triaxial Test Apparatus: 
 
4.2.1. Brief explanation: 
 
The Triaxial Test is widely used to assess soil resistance. Even though many 
other improvement machines have been introduced as for example the True Triaxial 
Test Apparatus that give better results close to the real soil behaviour, the standard 
Triaxial test is still performed. The main aim of this device is to know via different 
paths, how the ground responds to various stress states. 
 
Different procedures can be adopted during the diverse stress and strain paths 
allowed in the triaxial test. The first step consists of applying a pressure to the fluid 
(normally water) inside the cell. An equal stress is felt by the soil sample in all the three 
directions and if the water inside the soil is allowed to come out this is called isotropic 
consolidation. 
 
The second step consists of applying a vertical load on the top platen of the 
sample, which increases the axial stress. Normally the horizontal stress remains at the 
same value as in the beginning but both stresses may be modified by the tester. Testing 
can be carried out either under saturated conditions or under unsaturated conditions, 
and if the soil is saturated tests may be drained or undrained. All the experiments done 
in this research have been done without any vertical loading on dry Hostun sand. 
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4.2.2. Setting up: 
 
The base of the Triaxial device was used to hold the split mould. Then the 
former was filled with sand by pluviation. So, as not to let the sand spread all over the 
holes and threads, some measures of prevention were carried out like sticking some 
tape on them. Once the mould was filled with sand, the porous stone was placed, and 
carefully aligned with the bender in the bottom platen, the top platen was positioned on 
there with the vertical bender element in (the bender on the bottom was used as a 
transmitter, the one on the top as a receiver). The membrane was then rolled up (with 
some grease applied to the platen), and two O-rings were clambed to the platens. Two 
plastic tubes coming from the top of the platen to the base were connected, and a 
30KPa vacuum was applied inside the sample. It was then possible to remove the split 
mould. 
 
 
Pic.7. After removing the split mould with a 30KPa vacuum on 
 
Once the sample had been set up, it was very important to check that the 
membrane had not any tiny hole in it that could allow air or water to get in. Providing 
the sand sample was perfectly sealed; there was no loss of vacuum when the tap was 
closed showing that the test could be continued. After fitting the horizontal B/E 
transducers through the membrane (explained later), the triaxial cell was assembled 
with the screws were tightened and the cell was filled up with water. 
 
                                                                                                                   
 
 - 31 - 
 
 
Pic.8. and 9. General view of the sample before and after putting on the cell and fill it with 
water. 
 
In order to keep the same effective stress inside the specimen once the vacuum 
was switched off, a careful procedure needed to be followed. With the help of a 
pressure gauge and pressure regulator, a desired pressure can be introduced inside the 
cell. To not modify the sample stress, the pressures were adjusted step by step as 
follows:  
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Vacuum Pressure  Cell Pressure Effective Stress 
30 KPa 0 KPa 30 KPa 
20 KPa 20 KPa 40 KPa 
10 KPa 30 KPa 40 KPa 
0 KPa 30 KPa 30 KPa 
 
One of the problems found at that point was that the gauges kept a 20KPa of 
pressure even though they were disconnected, so that is why an initial pressure of 
30KPa was selected rather than a lower one. 
Finally the vacuum was switched off because the pressure inside the cell was 
reached and every tap was perfectly sealed ensuring there would not be any leak. 
  
At this moment, inside the sample, the principal effective stresses were equal to 
σx = σy = σz = 30 KPa. As said before, that is the first step in the isotropic 
compression test, and in this case, the sand was not saturated. In order to assess the 
vertical deformation of the sample, the piston was set up (about 170mm diameter) with 
its tip in contact with the top platen housed on the top of the sand. Care was taken not 
to push the rod down because otherwise some extra deformation could be result. A dial 
gauge was set up on the top of the cell touching the piston to monitor the sample’s 
deformation during the test. Weights were applied to prevent the piston from moving 
up because of the cell pressure and therefore losing contact with the platen.  
The following table shows the weights required for various cell pressures. 
 
Pressure (KPa) Weight (Kg) 
30 0,85 
60 1,7 
90 2,55 
120 3,4 
150 4,25 
180 5,1 
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During the test, the drainage tap which connects to the interior of the sand 
sample was opened to allow the air out of the sand as the pressure in the cell was 
increased.  
 
 
4.3. Bender/Extender transducers: 
 
4.3.1. Introduction 
 
 
Pic.10. View of the vertical and horizontal transducers. 
 
 
Bender/Extender elements are plate-shaped transducers that can be mounted in 
the ends of the equipment or in the sides protruded as cantilevers into the soil sample. 
Their main aim is to send and receive shear/compression waves from which the 
shear/constrained wave velocities are found. Hence the shear/constrained modulus of a 
particular sample are calculated assuming elastic behaviour and body wave theory. 
 Although there are several techniques to measure the shear modulus, as for 
example shear plates or the resonant column apparatus, it is concluded that this one 
enables the data to be obtained easily and, recent research has concentrated in the use of 
these new devices and in particular, their use in Triaxial equipment. 
In this work both vertical and horizontal transducers are protruded into the sand 
sample. The vertical ones were found to be easy to set up because specific platens were 
made to house them. However, the horizontal ones were hard to position; thus, some 
experimental improvements were performed as explained bellow. 
 
It was decided to cut tiny slots (4 in total) with the shape of the horizontal 
benders (T shape) at roughly mid-height of the rubber membrane before pluviation was 
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carried out. Therefore symmetrical cuts were made in both sides of the membrane, 
taking great care to align them perfectly so that, the transmitted and received waves will 
be entirely captured by the transducers. Then, some tape was stuck over them, so that, 
once the mould was filled up with the sand and the split mould was removed with the 
vacuum on, then using a very sharp knife, the cuts were reopened taking care not to 
make new unnecessary holes without the tape being removed. 
Once the holes were opened the horizontal transducers were quickly inserted 
into. A grommet was clamped to the bender pot by one O-ring, and the vacuum held the 
assembly against the wall of the specimen. After that, several layers of latex were 
applied on the boundaries of the grommet as shown in the following picture. 
 
 
Pic.11. View of the several latex layers applied on the grommet with the horizontal 
bender/extender and one O-ring surrounding in order to stick it tight. 
 
 
4.3.2. Piezoelectricity: 
 
The Bender/Extender elements could not have been born without the 
piezoelectricity property. Piezoelectricity is found in nature in quartz and tourmaline 
crystals and it can be obtained artificially with certain ceramics such as lead zirconite, 
barium titanate and lead titanate. Piezoelectric materials exhibit a mechanical 
deformation when a voltage is applied or an electrical output when mechanically 
stressed. 
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4.3.3. How the transducers work: 
 
A voltage applied to a piezoelectric material will cause a distortion, the 
orientation of which will depend on: 
 
1. Voltage connection 
2. The direction of material polarization 
3. Geometry of the material 
 
The transducers are made of bimorphs in which two sheets of piezoelectric 
material are fused together. Beginning with the bender transducers, it is seen that they 
can be polarized and connected in two different ways: 
 
Series connected and opposite direction of polarization:  
 
To the electrodes on the outside of each plate are connected to a voltage source 
and the plates are polarised in opposite direction. They develop twice the voltage of 
those connected in parallel for the same driving force and they provide only half the 
displacement of parallel elements for the same applied voltage. That is why they are 
always used as receivers. 
 
 
 
Fig.5. Series connected and opposite direction of polarization for bender receivers 
- + 
Signal field 
Direction of polarization 
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Parallel connected and same direction of polarization:  
 
The electrodes are on the outside of each plate, but these are connected together to the 
same terminal and the central conductor is connected to the other terminal. The plates 
are polarized in the same direction in this case. Bearing in mind the advantages and 
main drawbacks explained above this kind of connection is used for the transmitters 
transducers.  
 
 
Fig.6. Parallel connected and same direction of polarization for bender transmitters. 
 
To understand the whole behaviour of the procedure a summarising is given step by 
step:  
 
First of all it is worth to say noting that body waves measurements can be 
performed either using the time domain or the frequency domain. In this research no 
frequency domain measurements have been performed. 
 
A Function Generation is used to create the desired waveform shape, frequency, 
voltage applied peak to peak and amplitude of the input wave. These are the principal 
parameters in the time domain and are the key to understand the final results. On one 
hand, this wave is recorded on the screen of a sophisticated oscilloscope, on the other 
hand, this input wave is sent via the transmitter charge amplifier to the transmitter 
- + 
 
strain 
Signal field 
Direction of polarization 
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element. As the transmitter bends (or extends) a shear or compressive wave is 
generated and through the specimen until it reaches the receiver transducer. This bends 
(or extends), as well, once the input wave arrives, and thus generates a voltage. After 
amplification, the output wave is also recorded on the oscilloscope device.   
 
 
Fig.7. Line diagram showing the instrumentation connections to the B/E transducers, the 
oscilloscope, the charge amplifier and the sample. 
 
Some initial tests were carried out under a 30KPa cell pressure and without any 
vertical deformation using a symmetrical sine pulse of 5KHz frequency. The following 
results were obtained: 
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Fig.8. Behaviour of the Pvh. 
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Fig.9. Behaviour of the Svh. 
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Fig.10. Behaviour of the Shv. 
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Fig.11. Behaviour of the Shh. 
 
 
                                                                                                                   
 
 - 40 - 
-10
-8
-6
-4
-2
0
2
4
6
8
10
0 0,0002 0,0004 0,0006 0,0008 0,001 0,0012 0,0014 0,0016 0,0018 0,002
t i me ( us)
-20
-15
-10
-5
0
5
10
15
20
 
Fig.12.Behaviour of Phv wave. 
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Fig.13. Behaviour of Phh wave. 
 
 
Here P and S denote compression and shear waves respectively, and Vh denotes 
a wave propagating vertically and polarised in a horizontal direction. These Pvh, Svh, 
Shv, Shh, Phv and Phh waves give us enough information to assess shear and 
constrained modulus. It is necessary to determine the travel time between the start of 
the input wave signal and the first arrival point of the output wave signal. However, it is 
sometimes difficult to identify which is the right point of the output wave due for some 
distortions created by Cross Talk and Near field Effects. Keeping that in mind, once the 
right judgment is taken shear and constrained modulus can be easily assessed by means 
of the equation (3) and (4). 
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In order to choose the best input wave for the data, some factors have to be 
taken in account; it is assumed that the best wave will be the one which give us the 
clearest signal.  
 
Choosing a frequency: 
 
The optimum frequency of excitation depends on many factors such as soil 
stiffness and the applied pressure in the cell. Even though there is no rule at all for 
choosing the best wave, some authors have reported their experience some ideas about 
which frequency to take. Brignoli et al 1996 noted that for shear wave measurements 
with specimens of between 100 to140 mm high, the most interpretable output waves 
occur in the range from 3 to 10 KHz. Jovocic et al 1996, observed that with a higher 
frequency a higher ratio Rd (see below) was obtained. Although this is good because the 
near field effect (see section 4.3.4.) is less discernible, there is a limit frequency at 
which overshooting of the transmitting bender starts to occur, which means that the 
frequency is too high and the element can not follow the input wave. 
 
Rd is defined as:  
 
Rd = d/λ = (d*f)/Vs          (7) 
                 
where d = travel distance and λ = wave length 
 
Hence the near field effect depends not only on the frequency of the signal but 
also on Vs. For a high Vs, which means stiffer material, the ratio Rd will be lower and 
therefore the near field effect will be clearly present. For stiffer materials the required 
frequency is higher and so the problem of overshooting becomes more important. In 
addition to this, a wave with a high frequency attenuates faster than one with a lower 
frequency in the same medium. Because of those two reasons, although the use of a 
high frequency seems to give clearest output signals, the choice is limited.  
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Choosing a waveform: 
 
Within the literature it is possible to find some agreement over when a shape 
wave needs to be selected. The function generator gives several options-the 
symmetrical sine pulse wave, the square wave, the triangular wave and the distorted 
one (fig.14,15,16.). From the author’s point of view with the experience gained from 
the practice and as well as reading advice from several authors, it can be seen that the 
best input waveform to get a clear signal is the symmetrical sine pulse wave. Thanks to 
its sinusoidal shape it is easier to choose the right rising point whereas the others deal 
with more subjectivity. Santamarina et al 1997 observed that the main advantage of 
using square functions is to corroborate the shear wave arrival by reversed polarity. 
When the polarity of the transmitted wave was reversed, the reversal of the polarity of 
the output signal was taken as demonstration of the true arrival time. However, P-waves 
generated at the sides of the bender element can reach the receiver by reflections at cell 
boundaries and its polarity can be reversed as well. 
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Fig.14. Response when an input triangle waveform is chosen. 
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Fig.15. Response when an input square waveform is chosen. 
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Fig.16. Response when a 30% distorted waveform is chosen. 
 
 
 
Use of the charge amplifier: 
 
One of the devices used within this research was a PROGRAMABLE 100MHz 
DDS FUNCTION GENERATOR. The voltage applied by the input wave was limited 
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to 20v peak to peak due to the bender elements having a limited voltage before the 
electric field created depolarises the elements. In addition, as the travel distance for the 
wave is about 70mm it is possible to find the output wave can not be read clearly on the 
screen because of its low amplitude. Hence, sometimes is necessary to use a charge 
amplifier which can amplify the received wave. 
 
 
 
 
 
4.3.4. Near field effects: 
 
The graph below (Fig.17.) shows a typical case of near field effects from a 
shear wave which adds difficulties when choosing the arrival point. 
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Fig.17. Near field effects. 
 
Body waves generated using an infinitely small point source, spread out into 
three-dimensional space when propagating through an isotropic medium. Theoretical 
studies on three-dimensional transmission of waves through an infinitive elastic body 
Near field 
effects 
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have been performed and described in detail by Sánchez-Salinero et al (1986). They 
presented fundamental equation solution for compression and shear waves, each of 
which includes two complex exponentials. Their work is summarised below. 
The first exponential represents a wave that is travelling at the compression-
wave velocity, while the second describes a wave propagating with the shear wave 
velocity. Considering the case of 3-D shear motion, the amplitude of the wave 
propagating with the shear-wave velocity consists of terms that vary with 1/r, 1/r2 and 
1/r3, where r is the distance from the excitation source. On the other hand, the 
amplitude of the wave travelling at the compression-wave velocity has terms varying at 
1/r2 and 1/r3. At large distance from the source the dominant term is the one that 
attenuates at a rate 1/r, which is known as the far-field term. Components of waveforms 
with 1/r2 and 1/r3 then become negligible and are referred to as near-field terms. In a 
simplified form both S and P wave components can be presented as follows: 
 
 
(8)   S-wave = S(far-field, travelling at Vs) + S(near-field. travelling at Vs) + S(near-field, travelling at Vp) 
 
(9)   P-wave = P(far-field, travelling at Vp) + P(near-field. travelling at Vp) + P(near-field, travelling at Vs) 
 
Within the pulse excitation method it is usually the case that the detection of P-wave 
travel time is straightforward as the point of the first deflection in the waveform 
corresponds to the P-wave arrival. In contrast, the determination of the S-wave arrival 
time is sophisticated especially when the receiver is located at a near distance from the 
source. Waveform components that travel at the compression-wave velocity S(near-field, 
travelling at Vp) arrive before the actual S-wave, hence they may mask the true arrival of the 
signal.  
The frequency dependant shear motion due to P-wave interference S(near-field, travelling at Vp) 
is described as the near field effect. From their experimental observations Brignoli & 
Gotti (1992) confirmed that the first deflection of the received S-wave is linked directly 
with the arrival of the shear-wave component that travels at the compression wave 
velocity. They also showed that the near-field effect could be reduced by increasing the 
frequency of the transmitted signal. Jovicic et al. 1996 investigated near-field effect and 
suggested employing a high frequency single sinusoidal wave as an input signal. 
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4.3.5. Body wave theory: 
 
Sanchez-Salinero et al (1986) studied wave propagation phenomena in a linear 
elastic medium with the method known as Fourier superposition. It assumes that the 
solution of a harmonically vibrating point load is known for all frequencies of 
vibration. Then the load can be expressed by the terms of its harmonic components. 
Evaluating the response of the system to each component, which is known, the final 
result can be obtained by the superposition of the harmonic solutions. With this method 
the solution to a point load is known, therefore the solution to loads over any area can 
also be obtained by integrating the point load solutions over the area. 
 
They found the solution for the two and three dimensional motion: 
 
i) two-dimensional antiplane motion: 
 it is a transverse motion called SH-motion in which the particles move 
perpendicularly to the propagation’s plane of the wave. 
 
ii) two-dimensional in-plane motion: 
 the longitudinal motion is called P-motion. It is defined by the displacement of 
the particles in the direction of the propagation of the wave. 
The transverse or shear motion is named SV-motion and is characterized by particles 
displacement perpendicular to the direction of the wave propagation.  
 
iii) three-dimensional motions: 
 in three dimensions there are two kinds of motions: the longitudinal motion (P-
motion) and the shear or transverse motion (S-motion). 
 
 The purpose of the author is to understand the behaviour of P-and S-waves. In 
the case that both waves are propagating through an infinite isotropic elastic medium, 
the corresponding compression-wave velocity Vp and shear wave velocity Vs can be 
given as follows: 
 
                  (10) 
Γ∗
∗∗∗
= 2
sV4
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ρpi
ω
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where ρ  the mass density of the soil and the function Γ  can be spared in three 
parts Γ 1, Γ 2 and Γ 3 as shown in the following equation: 
 
(11)                                 =Γ−Γ+Γ=Γ 321   
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where d is the distance between the source and the receiver. 
 
It is important to remark that all three terms represent transversal motion; 
however they propagate with different velocities. The first two terms with the velocity 
of the shear wave and the third with the velocity of a compression wave. 
 
Wave propagation records: 
 
Sanchez-Salinero et al (1986) developed an analytical solution for the time 
record in an infinite isotropic elastic medium. A transverse sine pulse is sent and the 
received wave is recorded at a monitoring point. 
 
The resulting wave was far from being a simple transversely polarised shear 
wave propagating in a longitudinal direction, as is assumed by the method. The wave 
fronts spread in a spherical manner and involved coupling between the waves, which 
correspond to the three terms of the solution given in equation above. 
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Summary of the present chapter: 
 
All the experiments carried out were prepared with Hostun sand with an initial relative 
density of about 65%. The sand was pluviated into a membrane placed within a mould. 
Bender and extender devices were housed in the sample to enable the elastic stiffness 
moduli in the field of small strains. Triaxial Test was then set up with a first pressure 
vacuum of 30KPa, from there onwards, steps of increasing 30KPa each time until 
150KPa. An oscilloscope connected with the transducers enabled us to assess the travel 
time of the shear and constrained waves even though a good interpretation of the signal 
output had to be overtaken, like near field effects. Geophysics methods for the 
laboratory as for example piezoelectric elements, assuming the elastic theory wave 
allow the researchers to calculate elastic moduli easily. 
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5. Tests carried out and results 
 
Stress probe tests were previously performed on Hostun sand in both cubical 
cell apparatus (CCA) and true triaxial apparatus in the research done by Dr Sadek 2006. 
In those tests the sample was compressed isotropically and afterwards was subjected to 
a set of deviatoric stress paths at a constant mean stress; whereas in this thesis just 
isotropic compression was carried out.  
The stress-controlled CCA and TTA permitted a detailed investigation of the 
mechanical behaviour of soils along any stress path as well as using the typical triaxial 
device. In the CCA and the triaxial apparatus, bender/extender transducers are housed 
in the boundaries of the specimen thus permitting the assessment of the stiffness via 
dynamic velocity measurements. 
 
One of the main goals of this research was to asses the S-wave and P-wave 
velocities for comparison with date from the CCA. Using these measurements the shear 
modulus and the constrained modulus were found using formulae (3) and (4). In order 
to be confident in these results obtained, several similar triaxial tests were performed. 
Then the values were averaged for comparison with Sadek’s research. 
 
Isotropic stresses were increased from 30KPa up to 150KPa in steps of 30KPa. 
The tap which connected the sand of the sample with the atmosphere was open, 
however, no water came out because the dryness of the soil. Nonetheless, this aperture, 
allowed the air in the voids. The vertical deformation was measured externally and was 
assumed to be equal to the horizontal deformation; therefore the distance between 
bender elements could be calculated. With the measured travel times the wave velocity 
and finally the shear G and the constrained M modulus could be determined. The wave 
travel paths are shown in Figures 17 and 18. 
 
Measurements done: 
Pvh: P-wave propagating vertically with horizontal polarisation. 
Svh: S-wave propagating vertically with horizontal polarisation. 
 
Phv: P-wave propagating horizontally with vertical polarisation. 
Shv: S-wave propagating horizontally with vertical polarisation. 
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Phh: P-wave propagating horizontally with horizontal polarisation. 
Shh: S-wave propagating horizontally with horizontal polarisation. 
 
 
Fig.17. Frontal sample view and waves’ path. 
 
 
Shv 
Phv 
Sv 
Pv 
61mm 
60mm 
                                                                                                                   
 
 - 51 - 
 
Fig.18. Top sample view and waves’ path. 
 
 
Four tests were carried out in order to get repeatable time data on the 
oscilloscope and the data obtained is represented in the tables below (from tables 4 to 
7). Table 8 are the averaged results from the four tests: 
 
 
Main pressures (KPa) 30 60 90 120 150 
Sv  velocity (m/s) 156 186 213 225 242 
Shh  velocity (m/s) 177 218 252 267 272 
Shv velocity (m/s) 172 206 238 254 267 
 
Main pressures (KPa) 30 60 90 120 150 
Mv  velocity (m/s) 235 272 317 335 354 
Mhh  velocity (m/s) 291 322 422 434 476 
Mhv velocity (m/s) 303 322 422 434 476 
Table 4. Data from the first test carried out with a density of 1490 Kg/m3. 
 
 
 
 
 
Shh 
Phh 
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Main pressures (KPa) 30 60 90 120 150 
Sv  velocity (m/s) 179 193 224 234 253 
Shh  velocity (m/s) 181 201 230 254 288 
Shv velocity (m/s) 176 208 234 252 279 
 
Main pressures (KPa) 30 60 90 120 150 
Mv  velocity (m/s) 277 296 315 329 355 
Mhh  velocity (m/s) 272 301 338 397 444 
Mhv velocity (m/s) 277 304 340 401 440 
Table 5. Data from the second test carried out with a density of 1490 Kg/m3. 
 
 
Main pressures (KPa) 30 60 90 120 150 
Sv  velocity (m/s) 174 190 229 241 262 
Shh  velocity (m/s) 181 214 236 257 279 
Shv velocity (m/s) 177 211 229 255 271 
 
Main pressures (KPa) 30 60 90 120 150 
Mv  velocity (m/s) 244 266 311 349 401 
Mhh  velocity (m/s) 277 298 337 389 421 
Mhv velocity (m/s) 291 299 339 391 425 
Table 6. Data from the third test carried out with a density of 1490 Kg/m3. 
 
Main pressures (KPa) 30 60 90 120 150 
Sv  velocity (m/s) 156 177 190 219 239 
Shh  velocity (m/s) 179 209 223 244 268 
Shv velocity (m/s) 172 208 221 251 270 
 
Main pressures (KPa) 30 60 90 120 150 
Mv  velocity (m/s) 239 259 289 332 398 
Mhh  velocity (m/s) 300 336 367 390 413 
Mhv velocity (m/s) 300 330 364 386 410 
Table 7. Data from the fourth test carried out with a density of 1490 Kg/m3. 
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Pressures 
vs Modulus 
30 KPa 60 KPa 90 KPa 120 KPa 150 KPa 
Gv (MPa) 36 50 67 76 87 
Ghh (MPa) 46 71 94 106 110 
Ghv (MPa) 44 63 84 96 106 
Mv (MPa) 82 110 150 167 187 
Mhh (MPa) 126 155 266 281 337 
Mhv (MPa) 136 155 266 281 337 
Table 8. Average values of elastic moduli G and M against different pressure states. 
 
 
Averaged time assessed by means of a single symmetrical sine wave under p’=30KPa 
of cell pressure (Table 6): 
Waveform: Pv Sv Phh Shh Phv Shv 
Time(µs): 260 391 206 338 198 346 
 
Which values can be transformed thanks to equation (2) and (3) to (Table 6): 
Modulus Mv Gv Mh Ghv Ghh 
Value 82 36 136 44 47.6 
 
Giving a relationship as follows (Table 7): 
Relationship Ghh/Ghv Mh/Mv 
Value: 1.08 1.65 
Sadek’s (2006): 1.19 1.37 
 
Various researchers (e.g. Jamiolkowski et al. 1995; Pennington et al. 1997) have 
expressed the degree of anisotropy as a ratio of Ghh/Ghv. From the investigation of six 
Italians clays, Jamiolkowski et al. 1995 found that the ratio of Ghh/Ghv lies between 
1.4 and 1.5 under isotropic stress conditions. 
In this research, as shown on the table above, the ratios of Ghh/Ghv and Mh/Mv 
under isotropic effective stress conditions were found to be on average of 1.19 and 1.37 
respectively in the CCA Sadek (2006) whereas the results for the triaxial test by the 
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present author for Ghh/Ghv was 1.08 and Mh/Mv to 1.65. These results agreed in the 
general trend that the ratio Ghh/Ghv was less than Mh/Mv but on the other hand they 
were not in agreement precisely. It is thought that the cause of this disagreement was 
due to the difference of the specimens shape and the way the transducers were 
mounted; the choice of the arrival point for the output wave as well as the other 
parameters like the frequency, waveform and voltage chosen. 
 
These ratios Ghh/Ghv and Mh/Mv  were obtained under isotropic conditions in 
the Triaxial test showing the inherent anisotropy of the small strain elastic stiffness of 
Hostun sand; which reflect the degree of inherent anisotropy of the reconstituted sand 
samples created by the pluviation technique.  
 
From the symmetry of the elastic stiffness matrix the values of Ghv and Gvh 
should be the same but the experiments performed showed a ratio Ghv/Gvh of 1,2. In 
all test performed it was observed that horizontally propagated vertically polarised S-
wave velocities (Vhv) were higher than vertically propagated horizontally polarized S-
wave velocities (Vvh). Other researchers, who have found larger differences between 
Ghv and Gvh when testing other materials in the conventional triaxial test cell, argued 
that the mixed-boundary conditions or sample geometry might be responsible for this 
outcome. The Cubical Cell Apparatus used by Dr Tarek Sadek had symmetrical flexible 
boundaries and the sample was cubical; that reveals that the two material constants are 
indeed different, possible due to the particulate nature of the sand (see Kuwano & 
Jardine 2002). 
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Fig.17. Average shear elastic moduli under different stresses. 
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Fig.18. Average constrained elastic moduli under different stresses. 
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Fig.18 and 19. Average ratio of Ghh/Ghv and Mh/Mv plotted against p’. 
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As seen on the graph above there is a maximum in the ratio Ghh/Ghv values, 
either in Dr Sadek’s research or in the one from the author. This maximum appears 
when the main effective stress p’ is between 90 and 100 KPa. That means that the ratios 
change slightly with the stress level. 
Inspection of the graphs above confirms that the stiffness on the horizontal 
plane is greater than the one found in the vertical. It is understood that the vertical plane 
is the one with the same orientation as the pluviated flow.  
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6. Discussion and Conclusions 
 
The purpose of this chapter is to make a subjective critic of the laboratory work 
carried out as well as the data obtained and its comparison with a PhD thesis. 
The main aim of this research was to investigate the small-strain stiffness of the 
Hostun sand under isotropic stress in the standard triaxial apparatus and compare it with 
previous measurements in the Cubical Cell Apparatus.  
This was achieved using bender/extender transducers set up in the boundaries of 
the specimen. Their performance was found to be quite difficult because it was the first 
time for the author in meeting with such kind of devices.  
The results were found to be very similar to those given by Sadek (2006) 
despite the two sets of tests being carried out on specimens of different shapes in 
different apparatus. 
 
One of the most well known sentences in the field of science totally agrees with 
the method followed and the issues found meanwhile it was being performed: Less 
haste more speed. 
 
 
 
Laboratory preparation: 
 
As said before it was the first time for the author to face how to set up a triaxial 
test although some literature was already known about it along the degree. First step at 
the very beginning was to know how to perform the pluviator device in a proper way, 
thing that did not cause too much trouble. 
After beginning any performance it is very important to keep the bench and the 
surrounding devices perfectly clean, because some sand grains can truly damage any 
tap, mould, screw and a further long etcetera of the apparatus and tools used to fix it up. 
 In the laboratory field, the main issue found was to set up the whole test 
bearing in mind that just one tiny mistake during it could damage everything done until 
then. 
One of the “nightmares” found was to avoid holes on the membrane because the 
target for the thesis was to study the behaviour of dry sand; the author found himself 
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struggling against any possible hole and however at the commencement some 
inevitable holes were made due to the inexperience of the author. Moreover some 
intentionated holes were made to house the horizontal B/E transducers thing that 
enhanced the possibility of having a leak. To be one hundred per cent sure of the non 
existence of any hole around the transducers lots and lots of several layers were on the 
side of the grommet that surrounded the B/E devices. It is worth to know that in the 
laboratory, some devices or useless things can be run out or broken down so a good 
technique and a compilation of the things left is somehow necessary. 
 
 
7. Suggestions for further work 
 
There are some different ways to improve or change the current research, for 
example changing the dimension and the shape of the former. 
 Investigating the effect of the end conditions on the stress state in triaxial test 
samples (Moncaster 1997 and Chavanon 1998) and then comparing it with the data 
from other researchers.  
Changing the moisture conditions of the soil sample because the ones studied 
have been perfectly dried.  
Another idea is to add some fibers on the sand in order to change the stiffness 
behaviour of the ground.  
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